An experimental study was performed on the homogeneous refinement of microstructures and the improvement of mechanical properties in Al-5 mass%Cu and Al-10 mass%Cu alloys using a novel continuous rheocasting process. The crystal grain size in an Al-10 mass%Cu alloy sheet was 6.9 ± 1.8 µm in the continuous rheocasting process, which was much finer than the typical grain sizes on the order of 100 µm for the conventional rheocasting process and the grain size of 72 ± 26 µm in Al-10 mass%Cu alloy for the batch-type rheocasting by Ichikawa et al. The ultimate tensile strength in the Al-10%Cu alloy sheet was 248 MPa at room temperature, which was higher as compared to the tensile strength of 192 MPa in a die-cast Al-10 mass%Cu alloy. The tensile elongation in the Al-10 mass%Cu alloy sheet was 297% at 773 K, which was resulted from superplasticity. It is considered that the crystal grain size in the Al-10%Cu alloy is determined by the "big-bang" nucleation and the multiplication of crystal grains in the numerous spattered droplets made by a rotating screw-shaped stirrer in the continuous rheocasting process.
Introduction
The semi-solid metal processing is gaining more commercial significance in the world. The economy and process security of it and the high quality of its components are strongly required for industrial applications. Particularly from a manufacturing point of view, it is very important to provide a method for manufacturing materials with a crystal grain size of less than 10 µm through a simple means using agitation during solidification in order to improve the characteristics of metallic materials. Rheocasting is an idea invented by Flemings et al. 1) They succeeded in controlling the macrostructures and decreasing the macrosegregation throughout the ingot. However, irregular crystal grains such as rosette-type primary crystals were found in the microstructures because of insufficient agitation during solidification. 2) In the rheocasting process, the overall homogenization of the macrostructures in the whole part of alloy ingot can be achieved by the rotational agitation during the solidification of the alloy. As such, the rheocasting technique is one of the most promising processes for industrial use of alloy materials.
2)
The main objective of the rheocast process was the homogenization of macrostructures and the elimination of segregation in an alloy ingot. Using this idea, many methods can be developed to produce alloy materials with various grain sizes. However, the conventional rheocasting process has not yet produced fine-grained alloy materials with a crystal grain size of less than 10 µm. Ichikawa and coworkers have tried various techniques of achieving better materials characteristics and performance by refining the crystal grains. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] It was found that intense agitation and continuous cooling during solidification were effective for achieving crystal grain sizes on the order of 10 µm in solid solution alloys [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] and of 2 µm in a titanium aluminide alloy. 14, 15) In the present study, experiments were conducted on the homogeneous refinement of microstructures and the improvement of mechanical properties in Al-5 mass%Cu and Al-10 mass%Cu alloys using the newly developed process, which was also based on the idea of rheocasting.
Experimental Procedure
A front view of the continuous rheocasting system used to produce crystal grains with a size of less than 10 µm in aluminum-copper alloys is shown in Fig. 1 .
16) The system is comprised of a melting apparatus in an inert gas atmosphere to melt the aluminum-copper alloy, a stirring apparatus Fig. 1 1  1046  917/829  923  No  10  17  -2  1047  917/829  923  No  5  17  -3  1050  917/829  923  No  3  17  -4  Al-5%Cu  1053  917/829  923  No  2  17  -5  1064  917/829  923  No  10  17  -6  1061  917/829  923  No  5  17  -7  1065  917/829  923  No  3  17  -8  1063  917/829  923  No  2 Fig. 1 to make a high-quality semi-solid alloy slurry by mechanical stirring at a speed of up to 17 s −1 (1000 rpm) during solidification, and a twin-roll rotary caster to produce an aluminumcopper alloy sheet with a homogeneous microstructure.
The experimental procedure is as follows. The raw materials of 99.999 mass% pure aluminum globules and 99.99 mass% pure copper platelets were inserted into a graphite crucible in the melting chamber and were melted to produce Al-5 mass%Cu and Al-10 mass%Cu alloys within the crucible under the conditions shown in Table 1 . The molten alloy was held in that state for a period of 1800 s to unify the temperature and chemical composition of the melt above 1046 K. The stopper in the bottom of the crucible was then opened. The molten alloy was allowed to flow into the agitation chamber in which the screw-shaped stirrer had already been rotating at a speed of 17 s −1 . The molten alloy was cooled, spattered and agitated intensely during solidification by the stirrer for a period of up to 10 s in order to produce a semi-solid alloy slurry with uniform crystal grains.
13) The Al-5%Cu alloys were rheocast in a cylindrical sheath made of the graphite, which was set at the inside of the agitation chamber held homogeneously at 923 K by an isothermal heater, as shown in Fig. 1 . The cylindrical sheath was 65 mm in inner diameter, 80 mm in outer diameter and 350 mm in length. The shape and size of the screw-shaped stirrer used for the present study is shown in Fig. 2 . It was found that the rheocasting in the agitation chamber heated homogeneously at 923 K by the isothermal heater led to insufficient discharge of semi-solid Al-5 mass%Cu alloy slurry through the nozzle. In order to prevent the semi-solid slurry from remaining in the sheath of the chamber and the nozzle, the Al-10 mass%Cu alloys were rheocast in the chamber, in which the discharge side of the semi-solid alloy slurry was heated at 1023 K by an additional reheater, as shown in Fig. 1 , without using the isothermal heater. After agitating the alloy in the chamber for a period of up to 10 s, the stopper blocking the discharge side of the agitation chamber was opened and the leading semi-solid alloy slurry was discharged through the nozzle in a steady-state condition. The semi-solid Al-5 mass%Cu alloy slurry was solidified at a cooling rate on the order of 0.1 K/s in the graphite crucible. On the other hand, the semi-solid Al-10 mass%Cu alloy slurry was solidified between a pair of rollers, which were spun with peripheral velocities of 0.17 and 0.35 m/s. Finally, an Al-10%Cu alloy sheet with 2 mm in thickness, 40 mm in width and not less than 500 mm in length was formed directly between the rotating rollers.
Microscopic observation was done on the microstructures of the rheocast Al-5%Cu alloy ingots and the Al-10%Cu alloy sheets produced in the rheocasting process. Tensile test pieces were also machined from the Al-5%Cu alloy ingots and the Al-10%Cu alloy sheets, as shown in Fig. 3 . Tensile tests of the Al-Cu alloy ingots and sheets were carried out in air at room temperature and in argon at an elevated temperature using strain rates of 5 × 10 −3 s −1 at room temperature and 1 × 10 −4 s −1 at 773 K to three times in the each every condition. 
Experimental Results

Temperature measurement in the agitation chamber
As mentioned above, it was found that the isothermal heating led to insufficient discharge of semi-solid slurry through the nozzle in the Al-5%Cu alloys. The reheater was additionally set around the agitation chamber to conduct the rheocasting experiment on Al-10%Cu alloys.
The temperature measurement when heating without melt flow was done at the stirrer surface, A to C, and the inner wall of the cylindrical sheath, D, within the agitation chamber. The additional reheater heated this section without using the isothermal heater, as shown in Fig. 1 . Figure 4 shows the temperature changes on the inner wall of the sheath and on the stirrer surface within the agitation chamber with time elapsed from the start of heating by the additional reheater. The surface temperatures of the stirrer at marks A, B and C were 875, 923 and 963 K, respectively. The surface temperature on the inner wall of the sheath was 1023 K at mark D. The nucleation and the multiplication of primary crystals in the Al-10%Cu alloy were analyzed as follows:
13) The molten alloy was cooled while flowing down Table 1 .
from the melting chamber to the agitation chamber, and spattered at mark A. Here, the spattered droplets began to nucleate at a temperature lower than its liquidus temperature of 899 K. The nucleation of primary crystals occurred spontaneously and simultaneously in the undercooled droplets on the cooler stirrer surface. As the semi-solid droplets were forced to move from mark A to mark C towards the discharge side by the screw-type stirrer, many droplets which underwent repeated collisions between the stirrer and the sheath surfaces experienced gradual heating. The formation of new nuclei continued and the growth of primary crystals was restrained under the condition of gradual heating to melt partially the primary crystals. The above-described phenomenon was called as crystal multiplication. The crystal multiplication proceeded with significant nucleation and spheroidization of the primary crystals due to the partial melting of them.
Microstructure in rheocast Al-Cu alloys
In the rheocasting of Al-Cu alloys fabricated under the conditions shown in Table 1 , the Al-5%Cu alloys Nos. 1 to 4 showed that most of the semi-solid alloy slurry remained and solidified in the agitation chamber. Figure 5 shows an optical microscope image of the rheocast Al-5%Cu alloy No. 1 attached to the stirrer. Coarsened spherical crystal grains were observed. Several semi-solid Al-5%Cu alloys Nos. 5 to 8 with higher melt temperature were also processed through the agitation chamber. Figure 6 shows two different microstructures in the Al-5%Cu alloy No. 5, i.e. the coarsened dendritic structure in the alloy that was stirred and flowed out of the agitation chamber, as shown in Fig. 6(a) , and the finer microstructure of the alloy with smaller cross-section remained between the agitation chamber and the nozzle, as shown in Fig. 6(b) . Figure 7 shows optical microscope images of the Al10%Cu alloy sheets Nos. 9 and 10. In the Al-10%Cu sheet No. 9, a chilled microstructure is shown in Fig. 7(a) . This chilled microstructure suggests that the molten alloy must be spattered, agitated without formation of primary crystals and solidified between a pair of rollers. In the Al-10%Cu sheet No. 10, an equiaxed dendrite structure could be observed, as shown in Fig. 7(b) . This equiaxed dendrite structure suggests that fine globular primary crystals should be formed in the range of 899 to 892 K during the mechanical stirring Table 1 which (a) flowed out of the agitation chamber and (b) remained between the agitation room and nozzle. Table 1 . Fig. 8 Microstructure of continuously rheocast Al-10%Cu alloy sheet No. 11 shown in Table 1 . in the agitation chamber. 899 K is its liquidus temperature. 892 K corresponds to the fraction of solid of 0.2 in the alloy. Subsequently, the globular primary crystals must form the equiaxed dendrite structure during passing of the alloy through the nozzle and between a pair of rollers. Figure 8 shows an optical microscope image of Al-10%Cu alloy sheet No. 11. Hundreds of spherical primary crystal grains, i.e. the white grain-shaped portions, were observed. The average primary crystal grain size is 6.9 ± 1.8 µm. The white portions in the eutectic colonies or mixtures between the primary crystals are aluminum solid solution and the black portions are CuAl 2 . The temperature at the stirrer surface, A, was measured to be 875 K in case of heating without melt flow, as shown in Fig. 4 . It is therefore considered that the alloy temperature at the stirrer surface, A, should be higher than 875 K corresponding to the fraction of solid of 0.5 in the alloy. It is also deduced from the spherical crystal grains in Fig. 8 that the alloy temperature at the stirrer surface, A, must be lower than 892 K corresponding to the fraction of solid of 0.2 in the alloy.
12) The mechanism of the nucleation and the growth of the primary crystals in the present rheocasting apparatus will be discussed later in Section 4.1.
Mechanical properties in rheocast Al-Cu alloys
Tensile tests at room and elevated temperatures were performed on the rheocast aluminum-copper alloy ingots and sheets to three times in the each every condition. The average values are summarized in Table 2 . The room temperature ultimate tensile strengths of the Al-5%Cu alloy ingots Nos. 5 to 8, which were stirred and flowed out of the agitation chamber, were higher than those of the alloy ingots Nos. 1 to 4, which were solidified on the stirrer during mechanical stirring in the agitation chamber. The room temperature tensile strengths and elongations of the Al-5%Cu alloy ingots Nos. 7 and 8 were also higher than the strength of 180 MPa and the elongation of 13.5% in a die-cast 99.8% purity Al-5%Cu alloy, respectively. 17) On the other hand, the tensile elongations of the Al-5%Cu alloy ingots Nos. 5 to 8 were smaller than those of the alloys Nos. 1 to 4 at 773 K. The tensile strength and the tensile elongation were 248 MPa and 11.0% at room temperature in the Al-10%Cu alloy sheet No. 11. The tensile strength and elongation were larger than the strength of 192 MPa and the elongation of 3.1% in a die-cast 99.8% purity Al-10%Cu alloy, respectively.
17) The tensile elongation in the alloy sheet No. 11 was 297% at 773 K, which was resulted from superplasticity because the sheet had crystal grains 6.9 ± 1.8 µm in size.
It is considered that this rheocasting technique could originate superplasticity in other alloys if a microstructure with a crystal grain size of less than 10 µm is achieved using techniques such as those shown in the present study.
Discussion
Mechanism to determine solidification morphology
by this rheocasting The mechanism to determine the solidification morphology can be explained using the schematic illustration of Fig. 9 . The molten Al-10%Cu alloy is kept at 1074 to 1093 K in the melting crucible, as shown in Table 1 .
When the molten alloy kept at 1074 K flows into the agi- tation chamber from the melting crucible, the rotating stirrer spatters the alloy to form many droplets at a temperature of not lower than 875 K, as shown in Fig. 4 . The temperature of 875 K is corresponding to the fraction of solid of 0.5 in the alloy. The spattered droplets are initially cooled on the stirrer surface to form many primary crystals with nucleation at a temperature of lower than its liquidus temperature, 899 K, because the molten alloy must be undercooled to some extent.
18)
The semi-solid droplets are heated on the inner wall of the sheath kept at 1023 K, as shown in Fig. 4 . The partial melting of primary crystals as well as the nucleation of new primary crystals are occurred. The semi-solid droplets are gradually heated during repeating collisions between the stirrer surface and the inner wall of the sheath, because the surface temperature increases from 875 K to 963 K towards the discharge side, as shown in Fig. 4 . This gradual heating of the semi-solid droplets leads to the partial melting of primary crystals and the significant nucleation of new primary crystals occurred spontaneously and simultaneously in the droplets spattered by the stirrer. This phenomenon is named as "big-bang nucleation". The multiplication of primary crystals resulting from the big-bang nucleation occurs in the droplets towards the discharge side, as shown in droplet B. The spheroidization of primary crystals in the droplets occurs on the inner wall of the sheath because of the partial melting of them. The formation of new nuclei continues and the growth of primary crystals is restrained during the gradually increased reheating. As a result, the crystal multiplication proceeds with the big-bang nucleation and the spheroidization of primary crystals. In addition, by keeping the temperature of the spattered droplets uniform, it is easier for a large number of fine crystal grains to form at numerous nucleation sites. When the agitation time is short, i.e. less than 60 s, a lot of fine crystal grains form simultaneously and most of those grains do not coarsen. The semi-solid droplets are gathered in front of the nozzle to form the semi-solidified slurry (slurry C in Fig. 9 ). In the semi-solid slurry that includes many primary crystal grains, the crystal multiplication is promoted accompanying the formation of new nuclei without coarsening and coalescence of the grains.
13)
The semi-solid slurry is discharged rapidly through the nozzle. It is then pressurized and compressed between the pair of rollers to form the fine-grained sheet as shown in the sheet D. The solidification ends in a state in which the crystal grains have propagated markedly without becoming larger.
The spherical grain structure of the Al-10%Cu alloy sheet No. 11, as shown in Fig. 8 , suggests that the solidification of the undercooled alloy with mechanical stirring must continue to a temperature lower than 892 K corresponding to the fraction of solid of 0.2. The temperature of 875 K at mark A on the stirrer surface, as shown in Fig. 4 , also suggests that the solidification of the undercooled alloy with mechanical stirring must proceed at a temperature of higher than 875 K, which corresponds with the fraction of solid of 0.5 in the alloy.
When the molten alloy kept at 1085 K flows into the agitation chamber from the melting crucible, the stirrer spatters the alloy to form many droplets at a temperature of not lower than 875 K, as shown in Fig. 4 . The spattered droplets are initially cooled on the stirrer surface to form some primary crys- tals with nucleation at a temperature of lower than its liquidus temperature, 899 K. The semi-solid droplets are heated on the inner wall of the sheath kept at 1023 K, as shown in Fig. 4 . The melting of most primary crystals is occurred without nucleation of new primary crystals during repeating collisions between the stirrer surface and the inner wall of the sheath towards the discharge side of the agitation chamber. Thus there are no big-bang nucleation and crystal multiplication. The almost liquid droplets including few primary crystals are gathered in front of the nozzle to form the bulk liquid alloy. The bulk liquid alloy including few primary crystals is discharged rapidly through the nozzle. It is then pressurized and compressed between the pair of rollers to form a sheet. It is deduced from the equiaxed dendrite structure in the sheet, as shown in Fig. 7 , that the temperature to form some primary crystals in the droplets would be higher than 892 K, which corresponds with the fraction of solid of 0.2 in the alloy. The reason for this is that the primary crystals deformed at a temperature of higher than 892 K by mechanical stirring would return to dendritic growth in the rest stage of solidification after the stirring. 12) When the molten alloy kept at 1093 K flows into the agitation chamber from the melting crucible, the stirrer spatters the alloy to form many liquid droplets. The liquid droplets are gradually heated during repeating collisions between the stirrer surface and the inner wall of the sheath. Therefore, there are no big-bang nucleation and crystal multiplication during mechanical stirring towards the discharge side in the agitation chamber. The liquid droplets are gathered in front of the nozzle to form the bulk liquid alloy. The bulk liquid alloy is discharged rapidly through the nozzle. It is then pressurized and compressed between the pair of rollers to form a sheet. It is deduced from the chilled microstructure in the sheet, as shown in Fig. 6 , that the solidification of the bulk liquid alloy would begin in the process of rolling.
It is concluded that the crystal grain size of less than 10 µm in the Al-10%Cu alloy is controlled by the big-bang nucleation and the crystal multiplication in the numerous droplets spattered with rotation of the screw-shaped stirrer in the agitation chamber. It is considered that precise control of the temperatures of the alloy in the melting and the agitation chambers is required for producing the fine crystal grain structure.
Comparison of conventional and present processes
A comparison of the present rheocasting process with the conventional rheocasting process 1, 2) and the batch-type rheocasting process proposed by Ichikawa et al. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] will be discussed. Both of the previous two rheocasting methods are based on mechanical agitation during solidification. The conventional rheocasting process involves much agitation in the state of solid-liquid coexistence of the bulky alloy materials during solidification under continuous cooling to achieve a more uniform macrostructure. Also, as the agitation time is long, on the order to 600 s, the solute content in the primary crystals is increased during the solidification with active diffusion in them.
With the batch-type rheocasting process proposed previously by Ichikawa et al., [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] the rotation speed of the stirrer and the cooling rate of the alloy are increased, but the agitation time is relatively long, i.e. hundreds of seconds, so that the bulk semi-solid metals and alloys are adequately agitated. Thus diffusion progresses within the primary crystals. Finally, the enrichment of solutes in the primary crystal occurs in a similar manner as in the conventional rheocasting method, although not to the same degree.
In contrast, in the present rheocasting process, a screwshaped stirrer agitates the solidifying alloy as the alloy passes through the agitation chamber quickly. As the agitation time is as short as 30 s, large numbers of fine crystal grains are formed simultaneously and most of those grains do not coarsen. The semi-solid slurry that includes many fine grains is discharged rapidly from the agitation chamber. It is then pressurized and compressed between a pair of rollers. Finally, the solidification ends without the crystal grains coarsening. Consequently, the crystal grain size of Al-10%Cu alloy in the present continuous rheocasting is 6.9 ± 1.8 µm, as shown in Table 3 . This grain size is much finer than grain sizes on the order of 100 µm, which are typical for the conventional rheocasting, and those of 50 µm or greater in the batch-type rheocasting by Ichikawa et al., e.g. 72±26 µm in Al-10 mass%Cu alloy.
5)
Significance of finely grained structure
It is well known that the strength of a metallic material increases as the crystal grain becomes finer according to the Hall-Petch relationship. In the present study crystal grains 6.9 ± 1.8 µm in size were achieved in an Al-10%Cu alloy sheet by a continuous rheocasting method. This crystal grain size is less than one tenth the grain size of the 72 ± 26 µm in the Al-10%Cu alloy ingot made by batch-type rheocasting. 5) On the other hand, the crystal grain size was 2 µm in the Ti-44 at%Al alloy ingot produced by batch-type rheocasting. 14, 15) It is thus expected that the crystal grain size would be less than 2 µm in the Ti-44 at%Al alloy sheet if it were produced by the same continuous rheocasting method as proposed in the present study. It is also considered that the chemical composition of the metallic materials would be one of the most important factors in the production of materials with crystal grain sizes smaller than 10 µm by the continuous rheocasting method.
Conclusions
A novel continuous rheocasting technique was proposed to achieve remarkable grain refinement in microstructure and also to improve the mechanical properties in Al-5 mass%Cu and Al-10 mass%Cu alloys. Microstructural observations and tensile tests were also performed, using strain rates of 5 × 10 −3 s −1 at room temperature and 1 × 10 −4 s −1 at 773 K. The results are summarized as follows.
(1) The primary crystal grain size in the continuously rheocast Al-10%Cu alloy sheet was 6.9 ± 1.8 µm, which was much finer than 72 ± 26 µm of the Al-10%Cu alloy produced by the batch-type rheocasting.
(2) The tensile strength and the tensile elongation in the continuously rheocast Al-10%Cu alloy sheet were 248 MPa and 11.0%, respectively, at room temperature, which were larger as compared to the strength of 192 MPa and the elongation of 3.1%, respectively, in a die-cast 99.8% purity Al10%Cu alloy.
(3) The tensile elongation in the Al-10%Cu alloy sheet was 297% at 773 K, which was resulted from superplasticity.
(4) It was proposed that the crystal grain size of less than 10 µm in an Al-Cu alloy was controlled by the big-bang nucleation and crystal multiplication in the numerous droplets spattered with rotation of the screw-shaped stirrer during continuous rheocasting.
